ABSTRACT Monocytes-macrophages play an indispensable role in the immune system. The current study investigated the effect of selection for monocytes-macrophages phagocytosis on disease resistance in generation 1 (G1) of dwarf chickens. Five hundred dwarf chickens of generation 0 (G0) were divided into high and low phagocytic index (PI) groups (HPIG and LPIG, respectively) based on their PI of monocytes-macrophages at 290 d of age. Then, 2 × 2 mating combinations were conducted. Sixty G0 chickens from another dwarf chicken group were used to measure the levels of monocytes-macrophages phagocytosis at different developmental stages. Among a total of 2,500 randomly selected G1 chickens, 2,100 individuals were used for a surviving and growing test under adverse feeding circumstances, and the other 400 individuals were tested for Salmonella Pullorum challenge. The results showed that progenies of HPIG hens (♀) were more resistant to Salmonella Pullorum. After challenge, the death rate of progeny from HPIG ♀ (28.9%) was only 58% that of progeny from LPIG ♀ (49.4%, P < 0.001). In addition, the natural infection rate of Salmonella Pullorum before 207 d for offspring from HPIG ♀ (35.0%) was significantly lower than that for offspring from LPIG ♀ (48.3%, P < 0.001). The natural mortality before 56 d in progeny of HPIG ♀ (22.6%) was significantly lower than that in progeny of LPIG ♀ (29.1%) with a Pvalue of 0.001. The G1 chickens of HPIG G0 ♀ weighed more than those born to LPIG G0 ♀ at 28 and 42 d of age, whereas the difference was not statistically significant at 56 d of age. The heritability of monocytesmacrophages phagocytosis was 0.40, which was moderate. The PI values were at a low level before 126 d and increased dramatically until they declined significantly after 294 d. It could be concluded that phagocytosis of monocytes-macrophages is a marker for breeding excellent progeny with strong disease resistance.
INTRODUCTION
Animal disease is not only the most important threat to the animal industry but also adversely affects human health (e.g., Salmonella; Holt et al., 2010) . Vaccination is a crucial method for protecting animals from attack. However, it may lose efficacy in some infections because the use of Marek's disease vaccines may drive the pathogens to increased virulence (Davison and Nair, 2005) . Thus, antidisease breeding is another important way to protect animals against diseases. Monocytesmacrophages are important regulators with decisive functions in both innate and acquired immunity. They are the sensors and scavengers of microbial invasion and the amplifiers of signals by cytokine secretion and T-cell activation (Yamate et al., 2000; O'Mahony et al., 2008) .
Phagocytosis by monocytes-macrophages is a main tool to protect a host from various infections (Yamate et al., 2000) . Strong phagocytic ability of monocytesmacrophages would stimulate the production of antibodies, which can improve animals' ability for disease resistance (Solano et al., 1998) . Li et al. (2008) reported that high phagocytosis induced strong antibody production against avian influenza and Newcastle disease. The Biozzi high-antibody responder mice, which were selected by phagocytosis to heterogeneous red cells and were effective in antigen presenting by macrophages, were more resistant to tumors than the Biozzi low responder mice and could recover spontaneously from in-fection with Plasmodium yoelii 17X (Perrudet-Badoux et al., 1975; Dockrell et al., 1985) .
There are many ways to detect the phagocytosis ability of monocytes-macrophages. Heterologous red blood cells were commonly used as phagocytic objects to measure the phagocytic index (PI) by staining with Giemsa and counting the adhesive cells using light microscopy (Olsson et al., 2007; Nilsson and Oldenborg, 2009 ). The fluorescein isothiocyanate-labeled Porphyromonas gingivalis could also be used for phagocytosis. When incubated together, fluorescein isothiocyanate-labeled P. gingivalis was phagocytized by mouse macrophages. After removing nonadherent bacteria, the macrophages were analyzed by flow cytometry. (Wang et al., 2007; Liang et al., 2009) .
Disease resistance is a comprehensive phenomenon, which involves innate and adaptive immune reactions with serial changes in many gene expressions, cytokine signal conductions, interactions between different kinds of cells, and cell differentiations. Monocytes-macrophages constitute a primary defense against infection and trigger the following immune reactions. In previous experiments, we indicated that there were strong associations between phagocytosis and vaccine protection, microbe clearance, and rate of healthy chicks in generation 0 (G0) chickens . The focus of this study was performance changes of generation 1 (G1) in growth and disease resistance after 2-directional selection of phagocytosis.
MATERIALS AND METHODS

Experimental Birds
A total number of 3,060 dwarf chickens were randomly selected and raised on Experimental Chicken Farm at China Agricultural University. There were 500 G0 for measurement of phagocytosis, 60 G0 for monitoring the long-term changes of phagocytosis at different developmental stages, 2,100 G1 for surviving test, and 400 G1 for challenge test. All chickens, except individuals for surviving test, were kept under standard conditions with access to food and water ad libitum. The 2,100 G1 chickens for surviving test were raised under adverse feeding conditions, including high stocking density, nondisinfected brooding houses, and restricted feeding.
Five hundred G0 dwarf chickens [400 hens (♀) and 100 cocks (♂)] were tested for PI at 290 d of age. They were divided into 2 groups according to PI, that is, the high PI group (HPIG; PI ≥3.0 for ♂, PI ≥2.0 for ♀) and the low PI group (LPIG; PI = 1.0 for ♂, PI ≤1.1 for ♀). A total of 192 chickens with moderate PI values were eliminated. The experiment was performed with 4 (2 × 2) mating combinations: HPIG ♂ × HPIG ♀, LPIG ♂ × HPIG ♀, HPIG ♂ × LPIG ♀, and LPIG ♂ × LPIG ♀. Each combination contained 7 ♂, and 1 ♂ mated with 10 ♀.
Cell Isolation and Culture
About 0.5 mL of peripheral blood was collected aseptically from the wing vein into heparin anticlotting buffer (Sigma-Aldrich, Shanghai, China) and immediately stored on ice. Peripheral blood mononuclear cells (PBMC) were separated by density gradient centrifugation on Ficoll-Hypaque gradient (gravity 1.077 over gravity 1.119; Sigma Chemical Co., St Louis, MO) as described previously . After centrifuging at 500 × g for 20 to 25 min, the middle layer of mononuclear cells, containing thrombocytes, lymphocytes, and monocytes, was collected and transferred to another tube. The harvested cells were washed twice with Hanks' buffer (Invitrogen, Beijing, China) by centrifugation at 800 × g for 10 min and resuspended in RPMI-1640 medium (Gibco BRL, Paisley, UK). The viability and number of PBMC were determined by trypan blue exclusion. The PBMC at a concentration of 1 × 10 7 cells/well were planted in 96-well tissue plates (Corning Inc., Corning, NY) with 100 µL of RPMI-1640 medium, which were supplemented with 10% fetal calf serum (Hyclone, Logan, UT), 1% glutamine, 100 U/mL of penicillin, and 100 µg/mL of streptomycin. After 24 h of incubation, PBMC were washed 3 times with PBS and the nonadherent cells (most of the lymphocytes and thrombocytes) were washed out. After 48 h of incubation and washing away nonadherent cells, approximately 90% of the adherent cells were monocytes-macrophages Sun et al., 2008) .
Phagocytosis Assay
After 72 h of culture, the density of monocytes-macrophages was about 2 × 10 5 cells/well, and the heterologous erythrocytes isolated from the blood of Shouguang chicken were added at a density of 1 × 10 6 cells/ well. Phagocytosis was allowed to occur over the ensuing 6 h at 37°C in a 5% CO 2 incubator. The counting method was as described in Sun et al. (2008) . Briefly, after incubation, the cells were washed twice with PBS. Under the phase microscope, phagocytizing monocytes-macrophages and phagocytized erythrocytes per monocyte-macrophage were counted in 300 monocytesmacrophages per sample. The results were expressed as the PI as described in Bassøe et al. (2000) , which was defined as the number of phagocytized erythrocytes by each phagocytically active monocyte-macrophage.
Salmonella Pullorum Inoculation and Challenge
The Salmonella Pullorum C79-21 strain (China Institute of Veterinary Drug Control, Beijing) was cultured in nutrient broth containing 0.3% beef extract, 1% peptone, and 0.5% NaCl for approximately 16 h at 37°C with shaking until reaching the logarithmic growth phase. Salmonella Pullorum concentration of DISEASE RESISTANCE AND MONOCYTES-MACROPHAGES PHAGOCYTOSIS the inoculum was estimated on optical density at 600 nm of wavelength. The viable bacteria were confirmed by serial plate dilutions of the inoculum (Kaiser and Lamont, 2001) . Briefly, the inoculum was followed by 10-fold dilution and was plated into dishes containing Salmonella-Shigella agar for 24 h at 37°C in an incubator, and the colony was counted on duplicate Salmonella-Shigella plates. Then, the viable Salmonella Pullorum was diluted with PBS to obtain concentrations of 6 × 10 9 cfu/mL.
One hundred G1 chickens from each mating group with an equal number of ♂ and ♀ were selected randomly, and 400 individuals were used in total. At hatch, 360 of the 400 G1 chickens were challenged intraesophageally with 0.2 mL of Salmonella Pullorum C79-21 strain at a density of 6 × 10 9 cfu/mL, and the other 40 were used as controls, which received 0.2 mL of nutrient broth without Salmonella Pullorum. The challenged and control birds were placed in separate rooms with the same raising and managing conditions. Chickens were checked twice a day to record mortality rates and clinical symptoms and to perform histopathological exams. After 14 d of observation, chickens were killed by cervical dislocation, and sera were collected from each bird to test antibody titers.
Slide Agglutination for Antibody Titer
The antibody titers against Salmonella Pullorum were obtained by slide agglutination as described previously with minor modification (Bokermann et al., 2003; Zhang et al., 2008) . Briefly, 40 µL of standard antigens (China Institute of Veterinary Drug Control) was set on a slide and mixed with 80 µL of serial-diluted sera. The recorded titer of 1:1 was the undiluted serum, and the antibody titer of the sample was the highest dilution at minimal positive response. The positive and negative sera (China Institute of Veterinary Drug Control) were used as positive and negative controls (Sun et al., 2008) .
Measurement for Natural Mortality, Natural Infection Rate of Salmonella Pullorum, and BW
Eggs from 4 mating combinations of G0 chickens were collected twice, each for 15 consecutive days. A total of 4,393 eggs were harvested for incubation under standard conditions. Eggs from the same ♂ were collected together as 1 hatching unit. The 2,100 G1 offspring were raised under an adverse environment. Natural mortality was monitored daily and calculated at 56 d. Furthermore, 1,062 individuals of 2,100 G1 progenies were tested for natural infection rate of Salmonella Pullorum at 207 d by using slide agglutination. Among 2,100 G1 chickens, 400 were selected equally from 4 mating combinations to measure their BW at 28, 42, and 56 d of age.
Age-Related Alterations in MonocytesMacrophages Phagocytosis
Sixty G0 dwarf chickens, half for each sex, were used to study the change of monocytes-macrophages phagocytosis with age. The PI values were measured every 56 d from 70 to 350 d of age.
Statistical Analysis
Statistical analyses were carried out using statistical software by SAS (version 8.2, SAS Institute Inc., Cary, NC) and R 2.10.1. (http://cran.r-project.org/). Exact binomial CI were calculated for the mortality and natural infection rates, and the χ 2 tests were used to compare the rates between different groups. General linear model was used to analyze log-transformed antibody titers, BW, and age-related PI change. The model used in this study was as follows:
where Y ij was the ijth average phenotypic record of the trait, µ was the common mean, F i was the effect of the ith hen's PI, M j was the effect of the jth cock's PI, F i × M j was the interactive effect of the ith hen's and the jth cock's PI, and e ij was the residual error. Statistical significance was declared for P < 0.05 and P < 0.01.
Heritability Estimation of Phagocytosis
Four hundred seventy-seven paternal half-sibs from 28 families were used to estimate the heritability of PI of monocytes-macrophages. The restricted maximum likelihood procedure was applied to estimate heritability using the multiple-trait derivative-free restricted maximum likelihood software package (Boldman et al., 1995) . The relationship matrix was included by 1 generation of pedigree information. Heritability was estimated using single-trait analysis. Starting values of genetic and environmental variances were the variance of trait and random values. The single-trait analysis was started with a low (10 −3 ) level of convergence and then moved to a higher (10 −9 ) level of convergence. The heritability estimated was the value converging at 10 −9 .
RESULTS
Mortality Rates and Antibody Titers After Salmonella Pullorum Challenge
The challenging experiment lasted for 14 consecutive days. All 141 sick chickens showed typical symptom of Salmonella Pullorum infection. Liver and spleen tissues were collected from dead chickens for further validation. The necrosis spots in livers of dead chickens confirmed that all individuals died of Salmonella Pullorum infection. The influence of crosses in the G0 population with the HPIG ♂ on the progeny (G1) on mortality rate was not significant ( Figure 1A) . The mortality rate of progeny from HPIG ♀ was 28.9% (95% CI 0.224 to 0.361), which was significantly lower than that of progeny from LPIG ♀ (49.4%, 95% CI 0.419 to 0.570, P = 0.0004). In other words, comparing with the progeny of LPIG ♀, G1 chickens from HPIG ♀ had 1.41 times the survival rate after Salmonella Pullorum challenge ( Figure 1B) .
A total of 219 live chickens (128 progeny of HPIG ♀ and 91 of LPIG ♀) were tested serum antibody titers using slide agglutination method. The influence of crosses in the G0 population with the HPIG ♂ on the progeny (G1) on this parameter was not significant (Figure 2A) . The antibody titer of offspring from HPIG ♀ was 4.42 (95% CI 3.99 to 4.84), which was significantly higher than that of offspring from LPIG ♀ (3.08, 95% CI 2.53 to 3.61) ( Figure 2B ).
Natural Mortality and Salmonella Pullorum Infection of G1 Chickens Under Bad Conditions
A total of 2,100 G1 chickens from 4 mating groups (1,017 ♀ and 1,083 ♂) were raised to record their natural mortality from hatch to 56 d. The mortality of prog- Figure 1 . Mortality rates of generation 1 (G1) chickens challenged with Salmonella Pullorum. Four hundred G1 chickens (half in sex) were selected equally from 4 mating groups. Then, 360 were challenged intraesophageally with 0.2 mL of Salmonella Pullorum (6 × 10 9 cfu/ mL) and 40 as controls received 0.2 mL of nutrient broth at hatch. Chickens were observed for 14 d. A) Mortality rates of progeny from 4 mating combinations: HPIG ♂ × HPIG ♀, HPIG ♂ × LPIG ♀, LPIG ♂ × HPIG ♀, and LPIG ♂ × LPIG ♀. B) Mortality rates of progeny from HPIG ♀ and LPIG ♀. HPIG = high phagocytic index group; LPIG = low phagocytic index group; ♂ = cocks; ♀ = hens. Data were means ± SE a,b Values with different letters differ significantly (P < 0.05). 
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eny from HPIG ♂ × HPIG ♀ (20.9%, 95% CI 0.178 to 0.243) was significantly lower than that of progeny from HPIG ♂ × LPIG ♀ (27.3%, 95% CI 0.230 to 0.320, P = 0.02) and LPIG ♂ × LPIG ♀ (30.7%, 95% CI 0.263 to 0.354, P = 0.0003) ( Figure 3A) . The average mortality of progeny was 22.6% (95% CI 0.204 to 0.250) for HPIG ♀ and 29.1% (95% CI 0.260 to 0.323) for LPIG ♀ (P = 0.001). In other words, comparing with the progeny of LPIG ♀, the G1 chickens from HPIG ♀ had 1.09 times the natural survival rate under bad conditions ( Figure 3B) .
In adverse circumstances, 1,062 G1 chickens were tested for Salmonella Pullorum infection from hatch to 207 d and G0 ♂ did not show significant effects ( Figure   4A ). The natural infection rate of progeny from HPIG ♀ (35.0%, 95% CI 0.313 to 0.388) was 28% lower than that of progeny from LPIG ♀ (48.3%, 95% CI 0.434 to 0.532). The difference was highly significant (P = 2 × 10 −5 ; Figure 4B ).
Growing Performance of G1 Chicks Raised in Low-Quality Feeding Conditions
On 28, 42, and 56 d, 400 G1 chickens were selected equally from the 4 mating combinations to measure their weights. The G1 chickens of the HPIG G0 ♀ on average weighed more at 28 and 42 d of age than those born to LPIG G0 ♀, whereas the difference was not statistically significant at 56 d (Table 1) . These suggested that the selection of disease resistance did not affect the growing performance negatively.
Age-Related Alterations in MonocytesMacrophages Phagocytosis
The phagocytosis reached the highest level at 238 d. The PI values increased dramatically before 238 d, but the values declined after that time point ( Figure 5 ). This was an interesting developmental model of phagocytosis of monocytes-macrophages.
Heritability of Monocytes-Macrophages Phagocytosis
Four hundred seventy-seven paternal half-sibs from 28 families in G1 chickens were selected to estimate the heritability of PI. The heritability was moderate with a value of 0.40, which was very suitable to apply into selection for disease resistance.
DISCUSSION
Salmonella Pullorum could cause heavy losses to the poultry industry. It could cause substantial mortality in chickens within 1 wk, affect the reproductive traits in ♀ as a result of ovarian disease, and consequently cause progeny infection through eggs (Jones et al., 2001) . In view of the above points, we tested the mortality rate in young chicks and natural infection rate in adult chickens against Salmonella Pullorum. We also recorded the natural resistance in adverse environments. The results showed that progenies of HPIG ♀ were more resistant to disease than those of LPIG ♀. Therefore, the selection of monocytes-macrophages phagocytosis would heighten the disease resistance in progeny. Perrudet-Badoux et al. (1975) bred mouse lines that were resistant to some special microbial infections by variance in phagocytic ability of monocytes-macrophages with heterogeneous erythrocyte and dyes. Wigley et al. (2002) found that primary macrophages from resistant birds could clear Salmonella more efficiently in vitro than those from susceptible birds. The reason for this phenomenon could be that monocytes-macrophages determine the fate of the swallowed bacteria or pathogens, which were trapped by monocytes-macrophages and stayed in pathogenesis within certain organs (Bumstead and Barrow, 1988) . They would decline in resistant birds or cause total disruption of these organs and release into the body in susceptible lines. Bumstead and Barrow (1988) bred a resistant line to Salmonella Typhimurium in chicken, which was valid in bacterial clearance. Moreover, the resistance was related to high antibody titers. We showed that the progeny of HPIG ♀ had more antibodies than that of LPIG ♀. Similarly, Yokoyama et al. (1998) showed that high survival rates were linked to high antibody concentrations after challenge with Salmonella Typhimurium.
The PBMC mainly include monocytes, thrombocytes, and lymphocytes. Monocytes, which are isolated from PBMC by exploiting their ability to adhere to glass or plastic, constitute a major phagocytic cellular component in the blood. With culture in vitro, monocytes became monocytes-macrophages lineage positive for CD14 (Sun et al., 2008) . Monocytes-macrophages are important regulators in both innate and adaptive immunity. Increased in vitro monocytes-macrophages function corresponded with increased in vivo resistance to disease (Sun et al., 2008) . Thrombocytes are involved in hemostasis, phagocytosis, and secretion of specific products. But, thrombocytes underwent apoptosis after 24 h of cultivation, unlike macrophages co-cultured with them (DaMatta et al., 1999) . Monocytes-macrophages remained after washing away nonadherent cells including thrombocytes and lymphocytes . The PI values exhibited regular changes with age in our study. The PI values were at a low level before 126 d and increased dramatically until they declined significantly after 294 d. For the neonatal chicks, the immature immune system made them susceptible to pathogens (Lowenthal et al., 1994) . When chickens grew up, the disease resistance strengthened as the immune system matured gradually with age. The significant decrease in PI values after 294 d could be due to the progressive decline in physiological functions involving immune response (Izgüt-Uysal et al., 2004) . The results suggested that PI could be used as a surrogate for the immune ability in this study.
The heritability of traits associated with disease resistance had considerable variation. Many traits related to disease resistance had low heritabilities (Nicholas, 1987) , and Stear et al. (2001) showed that some traits had moderate or high heritabilities. Heritability of antibody responses to Escherichia coli J5 varied between 0.13 to 0.88 (Wagter et al., 2000) . Heritability of IgG4 acquired to Plasmodium falciparum apical membrane antigen 1 was 0.57 for adult human (Duah et al., 2009) . In the present work, the heritability of monocytesmacrophages phagocytosis was 0.40, which was similar to the report that heritability estimates for neutrophil function ranged from 0 to 0.88 in Holstein cattle by using restricted maximum likelihood (Detilleux et al., 1994) . According to approaches to breed disease-resistant lines mentioned by Magnusson (2001) , PI value is an excellent indicator in breeding toward disease resistance.
Production traits were considered as negative correlation with disease resistance (Qureshi and Havenstein, 1994; Liu et al., 1995) . But, there were also reports that selection for disease resistance did not bring down production traits, and in some cases they were positively correlated (Kuhnlein et al., 1989; Sharif et al., 1999 ). In the current study, progeny of HPIG ♀ had heavier weight than that of LPIG ♀; therefore, the selection of chickens with high PI would not reduce the BW.
The results suggested that the dam was more influential in determining the disease resistance ability in progeny. First, for newly hatched chicks, immune systems were incompletely developed, and chicks were susceptible to pathogens (Chadfield and Hinton, 2004; Hamal et al., 2006) . Maternal antibodies, which were transferred to offspring by eggs, had a critical role in providing neonates with humoral immune protection (Grindstaff et al., 2003) , reducing acute phase responses to challenge, and increasing growth rate (Grindstaff, 2008) . Li et al. (2008) reported that maternal phagocytosis was positively related to levels of IgY in eggs. Second, maternal antibodies not only conferred passive immunity to neonates but also exerted a long-term active stimulation of immune function positively in both birds and mammals (Lemke and Lange, 1999; Reid et al., 2006) . Therefore, the maternal PI determined the disease resistance of progeny.
In summary, through selection of PI values of G0 chickens, the disease resistance of G1 progeny from HPIG ♀ was improved. The selection did not induce the degradation of production traits such as BW. With medium heritability and the ability to represent immune status with age, the PI of monocytes-macrophages could be a good selection indicator for disease resistance breeding in practice.
